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A b s t r a c t  
W i r e l e s s  L A N s  b a s e d  o n  t h e  I E E E  8 0 2 . 1 1  s t a n d a r d  h a v e  a c h i e v e d  w i d e  
c u s t o m e r  a c c e p t a n c e  i n  t h e  e n t e r p r i s e  e n v i r o n m e n t .  T h e y  a r e  e x p e c t e d  t o  
c o n t i n u e  t o  e x p a n d  i n  p o p u l a r i t y  a n d  b e c o m e  u b i q u i t o u s  c o m m u n i c a t i o n  
s y s t e m s  e v e n  i n  p r i v a t e  a n d  p u b l i c  p l a c e s .  T h i s  p a p e r  d i s c u s s e s  t h e  b a s i c s  o f  t h e  
w i r e l e s s  L A N  p h y s i c a l  l a y e r ,  f o c u s i n g  o n  r a d i o  t r a n s c e i v e r  s p e c i f i c a t i o n s  a n d  
d e s i g n  o p t i o n s .  
1 .  I n t r o d u c t i o n  
T h e  i n t r o d u c t i o n  a n d  p r o l i f e r a t i o n  o f  d a t a  n e t w o r k  w i r e l e s s  a c c e s s  i s  a  n a t u r a l  
e v o l u t i o n  i n  m o d e r n  c o m m u n i c a t i o n  s y s t e m s ,  s t i m u l a t e d  b y  t h e  p r o m i s e  o f  u s e r  
m o b i l i t y  a n d  f r e e d o m  f r o m  w i r e s  a n d  g r e a t l y  e n c o u r a g e d  b y  r e c e n t  a d v a n c e s  i n  
p o r t a b l e  w i r e l e s s  t e r m i n a l  t e c h n o l o g y .  J u s t  a s  a l r e a d y  i s  t h e  c a s e  o f  c e l l u l a r  
v o i c e  c o m m u n i c a t i o n s ,  w i r e l e s s  d a t a  a c c e s s  i s  o n  t h e  w a y  o f  b e c o m i n g  a  
u n i v e r s a l  m o d e r n  c a p a b i l i t y .  F o r  e x a m p l e ,  s m a l l  a n d  i n e x p e n s i v e  P C M C I A  
m o d u l e s ,  w h i c h  r e a d i l y  a t t a c h  t o  l a p t o p  c o m p u t e r s ,  a r e  a v a i l a b l e  t o  m a k e  m u l t i  
M b / s  w i r e l e s s  c o n n e c t i o n s  w i t h  a c c e s s  p o i n t s  s t r a t e g i c a l l y  l o c a t e d  w i t h i n  
e n t e r p r i s e  b u i l d i n g s ,  w h i c h  f u r t h e r  c o n n e c t  t h e  u s e r s  t o  w i r e d  L A N s ,  i n t r a n e t s ,  
e t c .  L i k e w i s e ,  i n  t h e  h o m e  o r  i n  p u b l i c  p l a c e s ,  w i r e l e s s  L A N s  w i l l  i n c r e a s i n g l y  
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Figure 1: Typical Wireless LAN configuration 
Typically, such networks are configured as in Fig. 1 with multiple users 
connected to each access point via a carrier sensing multiple access with 
collision avoidance (CSMA/CA) protocol. Naturally, the steady state data 
throughput for each user is the total system data rate after subtracting the 
network overhead divided by the number of users connected to one access 
point. 
The uncontested success of the current generation wireless LAN technology 
with speeds up to 11 Mb/s based on the IEEE 802. lIb standard [1-2] has been 
impressive but, it could be argued that it is based on previously established 
digital cellular and cordless technology. For example, the substantially higher 
data rates and channel-bandwidth of wireless LANs compared to cellular 
systems are balanced by lower sensitivity and blocking requirements, yielding 
similar transceiver design strategies, integration level, etc. However, for speeds 
in excess of 50 Mb/s as specified by the 802.lla standard [3], new and difficult 
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Figure 1: Typical Wireless LAN configuration 
 
Typically, such networks are configured as in Fig. 1 with multiple users 
connected to each access point via a carrier sensing multiple access with  
collision avoidance (CSMA/CA) protocol. Naturally, the steady state data 
throughput for each user is the total system data rate after subtracting the 
network overhead divided by the number of users connected to one access 
point. 
The uncontested success of the current generation wireless LAN technology  
with speeds up to 11 Mb/s based on the IEEE 802. lIb standard [1-2] has been 
impressive but, it could be argued that it is based on previously established 
digital cellular and cordless technology. For example, the substantially higher 
data rates and channel-bandwidth of wireless LANs compared to cellular 
systems are balanced by lower sensitivity and blocking requirements, yielding  
similar transceiver design strategies, integration level, etc. However, for speeds 
in excess of 50 Mb/s as specified by the 802.11a standard [3], new and difficult 
transceiver design challenges arise, especially in the context of low power  
d i s s i p a t i o n  a n d  l o w  c o s t .  I n  t h i s  p a p e r  w e  d i s c u s s  t h e  c u r r e n t  w i r e l e s s  L A N  
t e c h n o l o g y  a n d  t h e  n e w  c h a l l e n g e s  d e s i g n e r s  w i l l  f a c e  f o r  h i g h e r  s p e e d  s y s t e m s .  
2 .  C u r r e n t  S y s t e m s  b a s e d  o n  t h e  8 0 2 . 1 1 b  s t a n d a r d  
2 . 1  M o d u l a t i o n  a n d  r a d i o  s p e c i f i c a t i o n s  
O r i g i n a l l y ,  t h e  8 0 2 . 1 1  s t a n d a r d  w a s  w r i t t e n  f o r  1  M b / s  a n d  2  M b / s  d a t a  r a t e s  
i n  t h e  2 . 4  G H z  - 2 . 5  G H z  I S M  b a n d ,  p o s s i b l y  u s i n g  d i r e c t  s e q u e n c e  c o d e  
d i v i s i o n  m u l t i p l e x i n g  i n  c o m b i n a t i o n  w i t h  D B P S K  a n d  D Q P S K  m o d u l a t i o n ,  
r e s p e c t i v e l y .  A n  e l e v e n - c h i p  l o n g  B a r k e r  s e q u e n c e  p r o v i d e s  p r o c e s s i n g  g a i n ,  
w h i c h  r e l a x e s  t h e  r e q u i r e d  S N R  t o  b e l o w  0  d B .  T h e  c h a n n e l  b a n d w i d t h  o f  1 4  
M H z  p l a c e d  a n y w h e r e  i n  t h e  b a n d  o n  a  5  M H z  g r i d  a l l o w s  n e t w o r k  
c o n f i g u r a t i o n s  w i t h  3 - 4  a c c e s s  p o i n t s  i n  c l o s e  p h y s i c a l  p r o x i m i t y .  T h e  
m a x i m u m  a l l o w e d  R F  t r a n s m i t t i n g  p o w e r  i s  3 0  d B m  b u t  t y p i c a l l y ,  1 5  d B m  i s  
u s e d  i n  e x i s t i n g  s y s t e m s .  
T h e  8 0 2 . 1 1 b  s t a n d a r d  o p t i o n  e n h a n c e s  t h e  w i r e l e s s  L A N  d a t a  r a t e  t o  a  
m a x i m u m  o f  I I M b / s  b y  C o m p l e m e n t a r y  C o d e  K e y i n g  ( C C K )  m o d u l a t i o n  [ 4 ] .  
W h i l e  s t i l l  u s i n g  t h e  s a m e  c h i p  r a t e  i n  o r d e r  n o t  t o  c h a n g e  t h e  R F  s i g n a l  
b a n d w i d t h ,  a  m u c h - r e d u c e d  p r o c e s s i n g  g a i n  a c c o m m o d a t e s  t h e  h i g h e r  d a t a  r a t e  
t o  t h e  e x p e n s e  o f  a p p r o x i m a t e l y  1 0  d B  h i g h e r  S N R  r e q u i r e m e n t s .  P r a c t i c a l l y ,  a t  
1 1  M b / s  C C K  i s  e q u i v a l e n t  i n  a l m o s t  a l l  r e s p e c t s  t o  r e g u l a r  D Q P S K .  
2 . 2  W i r e l e s s  t r a n s c e i v e r  s o l u t i o n s  
T h e  r e c e n t  a d v a n c e s  i n  R F I C  a n d  r a d i o  s y s t e m  t e c h n o l o g i e s  h a v e  p r o v i d e d  
a m p l e  o p p o r t u n i t i e s  f o r  t h e  r e a l i z a t i o n  o f  m i n i a t u r i z e d  a n d  e c o n o m i c a l l y  v i a b l e  
w i r e l e s s  L A N  t r a n s c e i v e r s .  T y p i c a l l y ,  t h e s e  b l o c k s  a r e  i m p l e m e n t e d  a s  s h o w n  i n  
F i g .  2  u s i n g  a  f e w  I C s  a n d  s e v e r a l  h u n d r e d  p a s s i v e s  ( m o s t l y  b y - p a s s  
c a p a c i t o r s ) ,  p a c k a g e d  t i g h t l y  i n t o  s m a l l  m o d u l e s  s u c h  a s  P C M C I A  c a r d s .  
Usually the cost of such modules is well within the consumer electronics market 
 
demands. 
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Figure 2: Typical Wireless LAN transceiver module	  
 
Focusing on the physical layer, notice that a radio chip and a base-band chip 
are typically used with analog I1Q transmit and receive interfaces. The base­
band chip is mostly a digital circuit, containing only data converters as analog 
blocks. This system partitioning minimizes the digital switching noise coupling 
into the radio sections and provides low power chip-to-chip analog interfaces. 
The radio chip may be designed in different technologies such as Si bipolar,	  
SiGe BiCMOS, or recently, even in straight CMOS. Typically, a -75 dBm 
sensitivity is accomplished for about 200 mW receiver power dissipation. The 
radio architecture has evolved from a conservative superheterodyne approach to	 
less expensive direct down/up conversion. The efficiency of the linear power 
amplifier is limited by the signal peak-to-average ratio, which is moderate,	  
allowing reasonable transmitter power dissipation, typically 500 mW. 
3. Emerging Systems based on the 802.11a standard 
3.1 Frequency bands, RF power levels, modulation formats, and data rates. 
In order to enable data rates up to 54 Mb/s and to increase the number of 
channels for easier network planning, the 802.11 a standard specifies three 5 
G H z  I S M  b a n d  s e c t i o n s  ( i n  U S ,  s i m i l a r  i n  o t h e r  c o u n t r i e s ) ,  e a c h  c o n t a i n i n g  f o u r  
2 0  M H z  c h a n n e l s .  T h e  f i r s t  b a n d  i s  f r o m  5 1 5 0  M H z  t o  5 2 5 0  M H z  a n d  i t  a l l o w s  
u p  t o  1 6  d B m  t r a n s m i t t i n g  R F  p o w e r .  T h e  s e c o n d  o n e  i s  f r o m  5 2 5 0  M H z  t o  
5 3 5 0  M H z  w i t h  2 3  d B m  m a x i m u m  p o w e r ,  a n d  t h e  t h i r d  o n e ,  m a i n l y  i n t e n d e d  
f o r  o u t d o o r  a p p l i c a t i o n s ,  i s  f r o m  5 7 2 5  M H z  t o  5 8 2 5  M H z  w i t h  2 9  d B m  
m a x i m u m  p o w e r .  E i g h t  d a t a  r a t e s  a r e  p r o v i d e d  ( o n l y  t h r e e  a r e  m a n d a t o r y ) ,  
s u p p o r t e d  b y  v a r i o u s  m o d u l a t i o n  t e c h n i q u e s  a n d  c o d i n g  s c h e m e s .  S i n c e  t h e  
r e a l i z a t i o n  o f  t h e  h i g h e s t  r a t e  p e r f o r m a n c e ,  5 4  M b / s  u s i n g  O F D M / 6 4 - Q A M  
m o d u l a t i o n ,  i s  t h e  m o s t  c h a l l e n g i n g  d e s i g n  a s p e c t  o f  8 0 2 . 1 1  a  t r a n s c e i v e r s ,  f o r  
m o s t  o f t h e  f o l l o w i n g  c o n s i d e r a t i o n s  w e  w i l l  f o c u s  o n  t h i s  t o p i c .  
3 . 2 0 F D M
O r t h o g o n a l  F r e q u e n c y  D i v i s i o n  M u l t i p l e x i n g  ( O F D M )  [ 5 ] ,  u s e d  i n  t h e  
p h y s i c a l  l a y e r s  o f  b o t h  8 0 2 . 1 1  a  a n d  H i p e r L A N / 2  [ 6 ]  i s  a  s p e c i a l  c a s e  o f  t h e  
c l a s s i c a l  f r e q u e n c y  d i v i s i o n  m u l t i p l e x i n g ,  i n  w h i c h  t h e  s u b - c a r r i e r s  a r e  
o r t h o g o n a l  t o  e a c h  o t h e r  i n  t i m e  d o m a i n ,  i . e . ,  i f  a n y  t w o  a r e  m u l t i p l i e d  a n d  
i n t e g r a t e d  o v e r  a  s y m b o l  p e r i o d  t h e  r e s u l t  i s  z e r o .  T h e r e f o r e ,  a n  O F D M  s i g n a l  i s  
a  b a n k  o f  n a r r o w  b a n d - p a s s  i n f o r m a t i o n - c a r r y i n g  s u b - s i g n a l s ,  p l a c e d  v e r y  c l o s e  
t o  e a c h  o t h e r ,  a s  s h o w n  i n  F i g .  3 .  T h e  t i m e  d o m a i n  o r t h o g o n a l i t y  i s  r e f l e c t e d  i n  
f r e q u e n c y  d o m a i n  a s  t h e  p r o p e r t y  t h a t  e a c h  s u b - s i g n a l  s p e c t r u m  i s  z e r o  a t  t h e  
c a r r i e r  f r e q u e n c i e s  o f  a l l  t h e  o t h e r  s u b - s i g n a l s  ( t h e  c h a n n e l  s p a c i n g  i s  e q u a l  t o  
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Figure 3: OFDM signal spectrum 
 
 
As a result, the sub-signal center frequencies are very close to each other 
 
leading to high spectrum efficiency. An equivalent mathematical explanation of 
 
OFDM is based on the fact that a Discrete Fourier Transform uniquely relates 
 
two sets of N complex numbers: N time samples with N frequency samples. In 
 
fact, the usual way of demodulating an OFDM signal is by performing an FFT 
 
on N time samples resulting on N magnitude and N phase quantities, which 
 
represent the transmitted information. Compared to a single-carrier system, the 
symbol period increases while the overall data-rate remains unaffected. In 
 
addition, as the symbol-rate becomes N times longer, the guard time interval 
commonly introduced to avoid lSI (inter symbol interference) adds only a 
 
relatively small overhead. Nevertheless, this brings a considerable hardware 
saving, as a time-domain equalizer now becomes unnecessary. A frequency­
domain equalizer is still indispensable for the purpose of compensating the 
channel frequency response, which may change from one sub-carrier frequency 
to another making correct data detection impossible otherwise. However, this 
frequency equalizer is simple: consisting of only a single multiplication of every 
 
sub-carrier with a complex number. In summary, the main advantage of OFDM 
over single carrier modulation techniques is that a hardware intensive time­
 
d o m a i n  e q u a l i z e r  i s  r e p l a c e d  b y  a n  F F T - o p e r a t i o n  f o l l o w e d  b y  a  s i m p l e  
f r e q u e n c y - d o m a i n  e q u a l i z e r .  T h i s  i s  e s p e c i a l l y  a d v a n t a g e o u s  i n  h i g h - r a t e  
s y s t e m s .  T h e  m o s t  i m p o r t a n t  d r a w b a c k  o f  O F D M  i s  t h e  l a r g e  p e a k - t o - a v e r a g e  
r a t i o  ( P A R )  o f  t h e  s i g n a l ,  p a r t i c u l a r l y  d e t r i m e n t a l  t o  t r a n s m i t t e r  l i n e a r i t y  
r e q u i r e m e n t s .  
I n  t h e  8 0 2 . 1 1  a  5 4  M b / s  m o d e ,  t h e r e  a r e  5 2  s u b - c a r r i e r s ;  4 8  o f  w h i c h  a r e  
m o d u l a t e d  w i t h  6 4 - Q A M .  T h e r e  a r e  f o u r  p i l o t s ,  i . e . ,  s u b - c a r r i e r s  w i t h o u t  a n y  
m o d u l a t i o n ,  w h i c h  e n a b l e  c o h e r e n t  d e t e c t i o n .  B a s e d  o n  t h i s  s i m p l e  d e s c r i p t i o n  
o f  O F D M  i t  i s  a p p a r e n t  t h a t  d e s i g n i n g  5 4  M b / s  8 0 2 . 1 1  a  w i r e l e s s  L A N  
t r a n s c e i v e r s  r a i s e s  n e w  d i f f i c u l t i e s  c o m p a r e d  t o  p r e v i o u s  g e n e r a t i o n  s y s t e m s .  I t  
w i l l  b e  s h o w n  t h a t  t h e  m i n i m u m  r e q u i r e d  S N R  o f  t h e  r e c e i v e d  O F D M / 6 4 - Q A M  
s i g n a l s  i s  a b o u t  3 0  d B ,  s u b s t a n t i a l l y  h i g h e r  t h a n  i n  o t h e r  d i g i t a l  w i r e l e s s  
s y s t e m s .  I n  a d d i t i o n ,  t h e  p r e s e n c e  o f  n a r r o w - b a n d  s u b - c a r r i e r s  a c r o s s  t h e  
c h a n n e l  i m p l i e s  a c c u r a t e  p r o c e s s i n g  o f  t h e  w h o l e  c h a n n e l  s p e c t r u m .  F o r  
e x a m p l e ,  s i m p l e  c i r c u i t  s o l u t i o n s  f o r  b r o a d b a n d  r e c e i v e r s  s u c h  a s  A C  c o u p l i n g  
i n  d i r e c t  c o n v e r s i o n  s t a g e s  a r e  n o t  a p p r o p r i a t e .  F i n a l l y ,  t h e  t r a n s m i t t e r  l i n e a r i t y  
r e q u i r e m e n t s  i m p o s e  s e r i o u s  e f f i c i e n c y  l i m i t a t i o n s  t o  c o n v e n t i o n a l  p o w e r  
a m p l i f i e r s .  
3 . 3  B a s i c  T r a n s c e i v e r  S p e c i f i c a t i o n s  
U s i n g  t h e  s t a n d a r d ,  o n e  c a n  d e r i v e  t h e  b a s i c  t r a n s c e i v e r  s p e c i f i c a t i o n s .  T h e  
f o l l o w i n g  a p p r o x i m a t e  c a l c u l a t i o n s  a r e  n o t  i n t e n d e d  t o  g i v e  p r e c i s e  d e s i g n  
v a l u e s  b u t  r a t h e r  t o  i n d i c a t e  t h e  r o u g h  f i g u r e s  f o r  8 0 2 . 1 1  a  r a d i o  s y s t e m s .  
F i g s .  4  a n d  5  s h o w  t h e  p o w e r  s p e c t r a l  d e n s i t y  ( P S D ) ,  L ( j )  a n d  t h e  p o w e r  
l e v e l s  P  o f  t h e  d e s i r e d  a n d  u n d e s i r e d  ( n o i s e )  s i g n a l  c o m p o n e n t s  o b s e r v e d  o n  t h e  
r e c e i v e  s i d e  o f  a n  O F D M  c o m m u n i c a t i o n  l i n k ,  u n d e r  d i f f e r e n t  l i m i t  c o n d i t i o n s  
d e s c r i b e d  b e l o w .  T h e  o v e r a l l  p r o p a g a t i o n  l o s s  i s  a s s u m e d  s u c h  t h a t  t h e  r e c e i v e d  
power level of the desired signal Ps be always -65 dEm. This is the receiver 
sensitivity level in 54 Mb/s mode, required by the standard for operation below 
a certain packet error rate. Figs. 4 and 5 illustrate how the radio channel affects 
the transmitted signal in receiver noise dominated and transmitter noise 
dominated conditions, respectively. In each case examples are shown for a 
frequency-flat (FF) channel and a frequency-selective (FS) channel. 
The FF Channel Cases: In Figs. 4a and 5a the time delay spread of the 
channel is assumed significantly lower than the temporal resolution of the 
OFDM signal, i.e., the delay is smaller than 50 ns, the typical sampling period 
in 802.l1a. Under this assumption, the wireless channel affects each sub-carrier 
of the OFDM signal in the same way, which leads to a flat PSD of the desired 
signal component at the receiver. In fact, the power level requirement in the 
standard refers to this type of channel. 
a) Frequency-flat PRJ( b) Frequency-selective 
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Figure 4: PSDs and signal powers at the receiver, assuming thennal receiver 
noise with given noise figure (NF) only. Shown for frequency-flat (FF), and 
frequency-selective (FS) channels. 
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F i g u r e  5 :  P S D s  a n d  s i g n a l  p o w e r s  a t  t h e  r e c e i v e r ,  a s s u m i n g  t r a n s m i t t e r  c a u s e d  
i m p e r f e c t i o n s  o n l y .  S h o w n  f o r  f r e q u e n c y - f l a t  ( F F ) ,  a n d  f r e q u e n c y - s e l e c t i v e  ( F S )  
c h a n n e l s .  
T h e  F S  C h a n n e l  C a s e s :  I n  F i g s .  4 b  a n d  5 b  t h e  a v e r a g e  t i m e  d e l a y  s p r e a d  o f  t h e  
c h a n n e l  i s  a s s u m e d  t o  e q u a l  o r  e x c e e d  t h e  5 0  n s  t i m e  r e s o l u t i o n  o f  8 0 2 . l l a  
O F D M .  T h i s  l e a d s  t o  d e s t r u c t i v e  a n d  c o n s t r u c t i v e  m u l t i - p a t h  i n t e r f e r e n c e ,  
c r e a t i n g  s u b - c a r r i e r  P S D  l e v e l s  a b o v e  o r  b e l o w  t h e  a v e r a g e  P S D .  T h e  a c t u a l  
i n d o o r  e n v i r o n m e n t  f o r  t y p i c a l  p r a c t i c a l  a p p l i c a t i o n s  o f  8 0 2 . 1 1  a  s y s t e m s  i s  a n  
F S  c h a n n e l .  N o t e  t h a t  m a n y  c h a n n e l  f r e q u e n c y  r e s p o n s e  " s n a p s h o t s "  a r e  e q u a l l y  
v a l i d ,  w h e r e  t h e  s i g n a l  f a d i n g  o c c u r s  a t  d i f f e r e n t  f r e q u e n c i e s  t h a n  i n  F i g s .  4 b  
a n d  5 b  b u t  h a v i n g  t h e  s a m e  n o r m a l i z e d  i n t e g r a l  p o w e r  P
s
.  N e x t ,  w e  d i s c u s s  t h e  
s i g n a l - t o - n o i s e  a n d  s i g n a l - t o - d i s t o r t i o n  r a t i o s  ( S N R ,  S D R )  a t  t h e  r e c e i v e r  A i D  
o u t p u t ,  w h i c h  a r e  t h e  p r i m a r y  o v e r a l l  d e s i g n  r e q u i r e m e n t s .  
F i r s t ,  w e  c o n s i d e r  t h e  l i m i t  c a s e  o f  F i g u r e  4  w h e n  t h e  b a c k g r o u n d  t h e r m a l  
n o i s e  a n d  t h e  r e c e i v e r  g e n e r a t e d  n o i s e ,  u s u a l l y  e x p r e s s e d  a s  t h e  i n p u t - r e f e r r e d  
n o i s e  f i g u r e  ( N F ) ,  a r e  t h e  o n l y  s o u r c e s  o f  d i s t u r b a n c e  i n  t h e  c o m m u n i c a t i o n  
l i n k .  S t a r t i n g  f r o m  t h e  - 1 7 4  d B m l H z  b a c k g r o u n d  t h e r m a l  n o i s e  p o w e r  a n d  
adding 72.3 dB corresponding to 17 MHz noise-bandwidth, we obtain the 
 
effective antenna noise power Pth = -101.7 dBm, shown as the dashed line in 
 
Fig. 4. Subtracting this number from the required -65 dBm receiver sensitivity 
 
leads to an SNR at the input of the receiver of 36.7 dB. Simulations show that 
 
the static SNR at the receiver AID output necessary to meet 10% packet 
 
reliability as required by the standard for an ideal additive-white-Gaussian-noise 
 
(AWGN) channel, is approximately 21 dB. Hence, for this FF limit case, we 
 
have about a 15-16 dB maximum receiver NF allocation. This is shown in Fig. 
 
4a, resulting in an effective noise level of Pth,eff = -86 dBm. In contrast, if 
frequency selectivity is present (FS case), the previous calculation must be 
 
amended by a "channel correction factor" of about 5 dB, increasing the 
 
necessary SNR to 26 dB, as illustrated in Fig. 4b. This is due to the fact that the 




In a different limit case, shown in Figure 5, we consider the FF and FS 
 
channels under the assumption that the only relevant source of disturbance is 
transmitter imperfection, commonly referred to as transmitter implementation 
noise. Typical transmitter-related noise sources include the effects of 
 
transmitter non-idealities such as oscillator phase noise, finite linearity of the 
 
transmit chain, finite digital word length, and limited power amplifier (PA) 
back-off (see next subsection). These phenomena cause an error between the 
desired signal and the actual transmitted signal measured by the "error vector 
magnitude" (EVM). The standard specifies a maximum average RMS value for  
the EVM. The EVM-related noise process is proportional to the desired signal, 
 
and hence is specified by a relative dB number. For example, the standard 
 
specifies -25 dB EVM for the 54 Mbls mode. In a first-order approximation, the 
 
in-band noise, caused by non-linear transmitter effects, is an AWGN process. 
Therefore, in the FF case an identical calculation with that of the previous 
 
p a r a g r a p h  y i e l d s  a  S D R
T X  
v a l u e  o f  2 1  d B ,  n e c e s s a r y  t o  m e e t  t h e  s p e c i f i e d  
p a c k e t  e r r o r  r a t e .  S i n c e  o n l y  t r a n s m i t t e r  i m p e r f e c t i o n s  a r e  p r e s e n t ,  t h i s  n u m b e r  
t r a n s l a t e s  d i r e c t l y  i n t o  2 1 d B  r e c e i v e r  S N D R  s h o w n  i n  F i g .  S a .  I n  c o n t r a s t  t o  t h e  
s i t u a t i o n  o f  F i g u r e  4 ,  t h e  s a m e  c a l c u l a t i o n  i s  v a l i d  f o r  t h e  F S  c a s e  s h o w n  i n  F i g .  
5 b ,  a n d  t h e  " c h a n n e l  c o r r e c t i o n  f a c t o r "  i s  z e r o !  T h e  r e a s o n  f o r  t h i s  p r o p e r t y  i s  
t h a t  i n  t h e  t r a n s m i t t e r ,  a l l  s u b - c a r r i e r s  h a v e  e q u a l  p o w e r  ( b e f o r e  p a s s i n g  t h r o u g h  
t h e  c h a n n e l )  a n d  t h u s  a l l  a r e  a f f e c t e d  b y  t r a n s m i t t e r  n o i s e  e q u a l l y .  H e n c e ,  t h e  
s u b - c a r r i e r  s i g n a l - t o - n o i s e  r a t i o  r e m a i n s  u n c h a n g e d  d u r i n g  c h a n n e l  p r o p a g a t i o n .  
A  t h i r d  l i m i t  c a s e  i s  w h e n  t h e  o n l y  s o u r c e  o f  d i s t u r b a n c e  i n  t h e  
c o m m u n i c a t i o n  l i n k  c o m e s  f r o m  t h e  r e c e i v e r  d i s t o r t i o n ,  c o m m o n l y  k n o w n  a s  
r e c e i v e r  i m p l e m e n t a t i o n  n o i s e .  T h i s  t y p e  o f  d i s t u r b a n c e  i s  s i g n a l  d e p e n d e n t  a n d  
i s  p r o d u c e d  b y  m a n y  n o n - i d e a l i t i e s  s u c h  a s  l o c a l  o s c i l l a t o r  n o i s e ,  n o n - l i n e a r i t y  
i n  r e c e i v e r  c h a i n ,  I / Q  i m b a l a n c e s ,  D C  o f f s e t s ,  A I D  c o n v e r t e r  q u a n t i z a t i o n  n o i s e ,  
r e s i d u a l  a d j a c e n t  c h a n n e l s  o r  b l o c k e r s  d u e  t o  i n s u f f i c i e n t  f i l t e r i n g ,  e t c .  T h e  
r e s u l t i n g  i n t e r f e r e n c e  i s  a  n e a r - G a u s s i a n  a n d  f r e q u e n c y - f l a t  n o i s e  s i g n a l ,  
e s s e n t i a l l y  d i r e c t l y  r e l a t e d  t o  t h e  d e s i r e d  s i g n a l  b y  s o m e  n u m b e r  S D R
R X  
i n  d B .  
F o r  t h e  F F  c a s e ,  t h e  o v e r a l l  S N R  r e q u i r e m e n t  i s  2 1  d B ,  a s  i n  t h e  p r e v i o u s  
c a l c u l a t i o n s .  F o r  t h e  F S  c a s e ,  t h e  " c h a n n e l  c o r r e c t i o n  f a c t o r "  i s  n o n z e r o  s i n c e  
t h e  d e s i r e d  s i g n a l  e x h i b i t s  f a d e d  s u b - c a r r i e r s  w h e r e a s  t h e  n o i s e  s i g n a l  i s  f l a t  a n d  
a d d e d  a f t e r  t h e  c h a n n e l  p r o p a g a t i o n ,  h e n c e  a f f e c t i n g  t h e  w e a k  s u b - c a r r i e r s .  I n  
a c t u a l  s y s t e m s ,  a l l  n o i s e / d i s t o r t i o n  p r o c e s s e s  c a u s e d  b y  t r a n s m i t t e r  a n d  r e c e i v e r  
i m p e r f e c t i o n s  a n d  t h e  r e c e i v e r  t h e r m a l  n o i s e  e f f e c t i v e l y  a d d  i n  t h e  r e c e i v e r .  
D e p e n d i n g  o n  t h e  a c t u a l  s p e c t r a l  n o i s e  s h a p e ,  t h e  " c h a n n e l  c o r r e c t i o n  f a c t o r "  i s  
b e t w e e n  0  a n d  5 d B .  A s s u m i n g  a n  o v e r a l l  t r a n s m i t t e r / r e c e i v e r  i m p l e m e n t a t i o n  
l o s s  o f  a b o u t  3 - 4  d B  a n d  - 6 5  d B m  s e n s i t i v i t y  ( c o r r e s p o n d i n g  t o  S D R
T X  
a n d  
S D R
R X  
v a l u e s  g r e a t e r  t h a n  3 0  d B ) ,  t h e  r e c e i v e r  N F  m u s t  b e  7 d B  o r  l o w e r .  
N o t i c e  t h a t  t h e  o n l y  w a y  t h e  d e s i g n  m e t h o d o l o g y  G a n  m a k e  a  d i f f e r e n c e  i n  
t h e  t r a n s c e i v e r  p e r f o r m a n c e  i s  b y  m i n i m i z i n g  t h e  r e c e i v e r  N F  a n d  t h e  v a r i o u s  
practical errors mentioned previously. For this reason it is instructive to identify 





3.4 Typical transceiver design issues 
 
Before focusing on specific transceiver issues, we point out a clear distinction 
 
between the thermal noise and the implementation noise. The latter is expressed 
 
relative to the intended signal while the former is expressed as an absolute 
 
value. As a consequence, implementation noise is always important, 
 
independently of the distance between the transmitter and the receiver. On the 
 
other hand, bringing the receiver closer to the transmitter decreases the effect of 
 
thermal noise due to higher signal strength. In a PER (packet error rate) against 
 
SNR performance plot, the implementation noise appears as an impenetrable 
PER floor. A measure of the "implementation loss" is the amount of PER curve 
shift after applying implementation noise at the PER value of interest. 
Summarizing the previous discussion, the total noise at the output of the 
receiver AID converter is the result of contributions from three types error 
sources: transmitter noise with maximum level fixed in the standard, receiver 
thermal noise, and receiver implementation noise. The latter category can be 
divided into noise sources that are always present (e.g., integrated phase noise, 
quantization noise, DC offset, etc) and noise sources that are only present when 
a blocking signal is applied. During a gain/noise/linearity budget analysis it is 
important to make a distinction between these cases, as the thermal noise 
contribution is halved (intended signal is 3 dB above the sensitivity level) when 
a blocking signal is present. 
As an illustration of typical transceiver design issues, next we will focus on 
several sources of implementation noise. 
P A  b a c k - o f f :  A s  m e n t i o n e d  i n  s u b s e c t i o n  3 . 2 ,  O F D M  s u f f e r s  f r o m  a  h i g h  
s i g n a l  P A R .  A s  a  r e s u l t ,  t h e  n e c e s s a r y  t r a n s m i t t e r  d y n a m i c  r a n g e  i s  h i g h e r  t h a n  
t h a t  o f  t h e  8 0 2 . 1 1  b  c a s e .  T h e  g a i n s  i n  t h e  v a r i o u s  b l o c k s  a r e  s e t  s u c h  t h a t  t h e  
a v e r a g e  p o w e r  l e v e l  s t a y s  b e l o w  t h e  I d E  c o m p r e s s i o n  p o i n t  b y  a  c e r t a i n  d B  
a m o u n t  c a l l e d  t h e  b a c k - o f f .  A s  t h i s  v a l u e  i s  u s u a l l y  s m a l l e r  t h a n  t h e  P A R  f o r  
p o w e r  e f f i c i e n c y  r e a s o n s ,  s i g n a l  c l i p p i n g  o c c u r s  a n d  t h e  c o r r e s p o n d i n g  
i n t e r f e r e n c e  p r o d u c e s  i m p l e m e n t a t i o n  n o i s e .  T h e  P A  b a c k - o f f  v a l u e  i s  e x t r e m e l y  
c r i t i c a l  s i n c e  t h e  a l r e a d y  l o w  1 0 - 1 5 %  e f f i c i e n c y  o f  l i n e a r  P A s  [ 7 ]  i s  e a s i l y  
d e c r e a s e d  f u r t h e r .  I n  o r d e r  t o  d e t e r m i n e  t h e  a p p r o p r i a t e  P A  b a c k - o f f ,  f i r s t ,  t h e  
E V M  r e q u i r e m e n t  s h o u l d  b e  m e t  ( - 2 5 d B  f o r  5 4 M b p s )  a n d  s e c o n d ,  t h e  s p e c t r a l  
r e - g r o w t h  d u e  t o  c l i p p i n g  s h o u l d  b e  l i m i t e d  w i t h i n  t h e  s p e c i f i e d  s p e c t r a l  m a s k .  
F i g .  6  i s  a n  i l l u s t r a t i o n  o n  h o w  c l i p p i n g  c a u s e s  s p e c t r a l  r e - g r o w t h .  
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F i g u r e  6 :  T r a n s m i t t e d  s i g n a l  s p e c t r u m  f o r  v a r i o u s  P A  b a c k - o f f v a l u e s  
T r a n s c e i v e r  L i n e a r i t y :  I n  O F D M ,  i n t e r m o d u l a t i o n  o f  s u b - c a r r i e r s  i s  o f  g r e a t  
c o n c e r n ,  a s  t h e  r e s u l t i n g  p r o d u c t s  f a l l  i n  c h a n n e l  e x a c t l y  a t  t h e  f r e q u e n c i e s  o f  
o t h e r  s u b - c a r r i e r s ,  c o r r u p t i n g  t h e  i n f o r m a t i o n  c a r r i e d  b y  t h e m .  F o r  e x a m p l e ,  t h e  
r e c e i v e r  m a x i m u m  s i g n a l  s p e c i f i e d  b y  t h e  s t a n d a r d  i s  - 3 0 d E m .  T w o  
neighboring sub-carriers increased by sub-carrier PAR of 3dB (sub-carrier PAR 
is much smaller than the total OFDM signal PAR) intermodulate and corrupt 
other sub-carriers. Assuming a typical 5 dB margin allocated for other 
implementation noises, the resulting minimum receiver input IIP3 is about 
-IOdBm. A similar analysis is valid for the second order intermodulation 
products, usually with less stringent effects but strongly coupled to the choice of 
receiver architecture (important in low IF and direct conversion). 
Channel Selection Filtering: An important contributor to the receiver 
implementation noise is the residual blocker signal after channel selection 
filtering. As an example we consider a filter for an 802.11a low-IF receiver. 
This filter may be a complex band-pass continuous-time circuit. The passband 
is 17 MHz, which is one channel-width wide, and the center frequency is at the 
10 MHz low-IF. The filter must attenuate the unwanted interfererslblockers in 
order to reduce the aliasing noise (produced by sampling before AID 
conversion) to acceptable levels. The worst-case blocking specification for the 
54 Mbls data rate is -63 dBm level adjacent channel while the desired signal is 
at -62 dBm level (3 dB higher than the sensitivity level). 
A conservative design uses a 6-order type-one Chebyshev filter with 0.5 dB 
pass-band ripple. The frequency response of this filter shown in Fig. 7 provides 
in excess of 30dB rejection for all sub-carriers in the blocking signal. In practice 
circuit imperfections may degrade the performance especially at the edges of 
the channels. 
A source of blocker-dependent implementation noise, related to this low-IF 
filter, is the limited image-rejection due to circuit imbalance. Typically, an 
image-rejection of 30dB is achievable without compensation algorithms. As the 
r e q u i r e d  S N R  i n  8 0 2 . l l a  e x c e e d s  t h i s  n u m b e r ,  a  c o m p e n s a t i o n  a l g o r i t h m  i s  
r e q u i r e d  a n d  t h e  r e s u l t i n g  i m p l e m e n t a t i o n  l o s s  h a s  t o  b e  t a k e n  i n t o  a c c o u n t .  
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F i g .  7 .  C h a n n e l - s e l e c t i o n  f i l t e r  a n d  b l o c k e r s  
3 . 5  T r a n s c e i v e r  D e s i g n  C h o i c e s  
I n  t h i s  s u b s e c t i o n  w e  d i s c u s s  s e v e r a l  d e s i g n  p o s s i b i l i t i e s  o f  k e y  b l o c k s ,  
w i t h o u t  a t t e m p t i n g  a n  e x h a u s t i v e  t r e a t m e n t  o f  t h i s  t o p i c .  T h e  r e c e i v e r  
t e c h n o l o g y  i s  a l w a y s  a  p r i m e  c o n c e r n  i n  a n y  R F I C  d e s i g n  s o  v a r i o u s  
a l t e r n a t i v e s  w i l l  b e  d i s c u s s e d  w i t h  m o r e  d e t a i l s  o n  a  n e w  l o w - I F  s a m p l i n g  
s o l u t i o n .  T h e  s t r i n g e n t  s p e c i f i c a t i o n  o f  t h e  p o w e r  a m p l i f i e r  l i n e a r i t y  i s  a  m a j o r  
l i m i t a t i o n  t o  i t s  p o w e r  e f f i c i e n c y ,  u l t i m a t e l y  r e s u l t i n g  i n  h i g h  p o w e r  d i s s i p a t i o n .  
P o s s i b l e  a l t e r n a t i v e  d e s i g n  m e t h o d s  a r e  m e n t i o n e d .  F i n a l l y ,  t h e  p e r e n n i a l  
q u e s t i o n  o f  w h i c h  I C  t e c h n o l o g y  i s  b e s t  s u i t e d  f o r  t h i s  a p p l i c a t i o n  w i l l  b e  
a d d r e s s e d .  
U s i n g  l o w  i n t e g r a t i o n  m u l t i p l e  I F  s u p e r - h e t e r o d y n e  r e c e i v e r s :  T h i s  i s  t h e  
most conservative design choice for 802.11 a receivers. The required high 
performance as described earlier can be met readily if enough external filters 
and other precision RF components are used. Of course, the cost will almost 
surely be too high for this application. 
Using highly integrated single IF super-heterodyne receivers: Having a 
single IF SAW filter in addition to an RFIC and few external components may 
be a proper compromise between cost and performance. However, the design is 
still challenging due to analog IIQ down-conversion from IF to base-band. In 
order to insure final 30 dB SNR, excellent image rejection and linearity must be 
accomplished in the presence of the usual phase and magnitude errors, AID 
converter imbalances, DC offsets, etc. In addition, the large frequency error 
between transmitter and receiver synthesizers allowed in the standard could 
place an OFDM sub-carrier very close to DC after the final down-conversion. 
There, substantial offsets and 1/f noise may corrupt the information in the 
respective sub-carrier. 
Using highly integrated super-heterodyne receivers with low-IF 
sampling: An attractive theoretical method for mitigating most problems 
related to analog conversion to base-band is by using IF sampling. Digitizing at 
IF removes any VQ imbalance errors (down-conversion done digitally) and also 
avoids any DC offset or 1/f-noise problems entirely. Unfortunately, this 
approach requires two successive IF SAW filters in order to avoid aliasing of 
blockers close to the channel. Naturally, this is not attractive for cost reasons. 
However, it is possible to replace one SAW filter [8] by a combination of a fully 
integrated continuous-time complex filter at 10 MHz (second low-IF) with a 
complex (I1Q) sampling circuit [9]. The receiver block diagram is shown in 
Fig. 8. After a flrst IF conventional stage using a SAW filter, the signal is 
converted to a 10 MHz low IF and is processed through a continuous-time fully 
integrated complex band-pass filter. A similar filter for Bluetooth is described in 
[ 1 0 ] .  T h e  f r e q u e n c y  r e s p o n s e  o f  a  t h r e e - p o l e  B u t t e r w o r t h  c o m p l e x  f i l t e r  
i n c l u d i n g  p r a c t i c a l  c o m p o n e n t  m i s m a t c h e s  i s  s h o w n  i n  F i g .  9 ,  i n c l u d i n g  t h e  
l e a k a g e  s i g n a l  d u e  t o  m i s m a t c h e s .  A  f u r t h e r  8  d B  r e j e c t i o n  o f  t h e  a d j a c e n t  
c h a n n e l  i s  a c c o m p l i s h e d  b y  t h e  c o m p l e x  s a m p l i n g  o p e r a t i o n ,  w h i c h  e x h i b i t s  a  
n o t c h  f i l t e r  c h a r a c t e r i s t i c  g i v e n  i n  F i g .  1 0 .  
1 0  - 1  0  
o  
0 1  0 - 1  
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Figure 10: Frequency response of complex (I1Q) sampling with notch filtering 
 
This method does not accomplish full integration, however, compared to the 
previous approach, it makes more efficient use of the hardware resources with 
very little if any power dissipation penalties and better performance. Notice that 
the sampling frequency is only twice the value of the base-band sampling case 
and a single AID converter is used rather than two. 
Using fully integrated low-IF receivers: This recently popular method is 
attractive because it accomplishes full integration and provides high tolerance to 
DC offsets, 1/f noise, and frequency errors. The most important challenge for 
this technique is the image rejection precision in high-order complex filters, 
driven very hard by the OFDM SNR demands. Notice that, there is no SAW 
filter to help the complex filters in this approach as in the IF-sampled technique. 
Using fully integrated direct conversion receivers: Despite fundamental 
limitations, direct conversion has become an accepted and even preferred 
receiver method in many applications. The most attractive feature is its 
simplicity, although this may be deceiving when DC offset cancellation loops 
 
a n d  e x t r a  l i n e a r i t y  d e m a n d s  a r e  i n c l u d e d  i n  t h e  p i c t u r e .  T h e  a p p l i c a t i o n  o f  d i r e c t  
c o n v e r s i o n  t o  8 0 2 . 1 1  a  i s  p o s s i b l e  b u t  v e r y  d i f f i c u l t  d u e  t o  I 1 Q  m a t c h i n g  
r e q u i r e m e n t s  a n d  t h e  l a r g e  t r a n s m i t t e r - r e c e i v e r  f r e q u e n c y  e r r o r s .  N o t i c e  t h a t  i n  
t h i s  c a s e  t h e  s i t u a t i o n  i s  m u c h  m o r e  s e r i o u s  t h a n  i n  t h e  s i n g l e - I F  s u p e r ­
h e t e r o d y n e  a p p r o a c h  b e c a u s e  f i r s t ,  t h e  D C  o f f s e t  i s  s u b s t a n t i a l l y  h i g h e r  a n d  
s e c o n d ,  t h e  d e s i r e d  s i g n a l  i s  n o t  a m p l i f i e d  b y  a n  I F  a m p l i f i e r  p r i o r  t o  D C  
c o n v e r s i o n .  T w o  o p t i o n s  r e m a i n :  n a r r o w  d o w n  t h e  A C - c o u p l e  c u t - o f f  f r e q u e n c y  
a s  m u c h  a s  p o s s i b l e  a n d  a c c e p t  t h e  a s s o c i a t e d  l o s s ,  o r  c o r r e c t  t h e  l o c a l  o s c i l l a t o r  
s y n t h e s i z e d  f r e q u e n c y  w i t h  v e r y  f i n e  r e s o l u t i o n .  T h e  l a t t e r  m a y  r e q u i r e  t h e  u s e  
o f  c o m p l i c a t e d  f r a c t i o n a l  s y n t h e s i z e r  t e c h n i q u e s ,  w h i c h  i n  t u r n  i n t r o d u c e  e x t r a  
n o i s e  a n d  s p u r i o u s  s i g n a l s .  
U s i n g  p s e u d o  d i r e c t  c o n v e r s i o n  r e c e i v e r s  ( w i d e / s l i d i n g  I F ) :  T h i s  
t e c h n i q u e s ,  u s e d  r e c e n t l y  i n  a  f u l l y  i n t e g r a t e d  C M O S  8 0 2 . 1 1  a  r a d i o  R F I C  [ 1 1 ] ,  
c o n v e r t s  t h e  R F  s i g n a l  t o  b a s e - b a n d  i n  t w o  c o n s e c u t i v e  m i x i n g  o p e r a t i o n s .  
S o m e  o f  t h e  c l a s s i c a l  d i r e c t  c o n v e r s i o n  p r o b l e m s ,  s u c h  a s  L O  l e a k a g e  i n  t h e  R F  
b a n d  a n d  D C  o f f s e t  f r o m  R F  L O  s e l f - m i x i n g ,  a r e  a v o i d e d  b u t  t h e  l a c k  o f  a n  I F  
f i l t e r ! A G C  s t r i p  i n c r e a s e s  t h e  r e c e i v e r  N F .  
T h e  p o w e r  a m p l i f i e r  e f f i c i e n c y  p r o b l e m :  A s  d i s c u s s e d  p r e v i o u s l y ,  t h e  
O F D M  s i g n a l s  h a v e  l a r g e  p e a k - t o - a v e r a g e  r a t i o s ,  w h i c h  r e q u i r e s  P A  o p e r a t i o n  
i n  c l a s s  A  w i t h  l a r g e  b a c k - o f f .  T h i s  i s  r e f l e c t e d  i n  l o w e r  p o w e r  e f f i c i e n c y  w i t h  
s e r i o u s  r e p e r c u s s i o n s  i n  t e r m s  o f  t o t a l  t r a n s m i t t e r  p o w e r  d i s s i p a t i o n .  T h e  
a p p l i c a t i o n  o f  P A  l i n e a r i z a t i o n  t e c h n i q u e s  c o u l d  i m p r o v e  t h e  e f f i c i e n c y .  I n  
a d d i t i o n ,  t w o  m e t h o d s  a r e  k n o w n  t o  p o t e n t i a l l y  u s e  e f f i c i e n t  n o n l i n e a r  P A s  a n d  
s t i l l  a c h i e v e  l i n e a r  a m p l i f i c a t i o n .  H o w e v e r ,  t h e s e  t e c h n i q u e s  a r e  y e t  t o  b e  
w i d e l y  i n t r o d u c e d  i n  R F I C  p r o d u c t s .  T h e  f i r s t  m e t h o d ,  k n o w n  a s  t h e  L I N C  
t e c h n i q u e  [ 1 2 J ,  d e c o m p o s e s  t h e  b a n d - p a s s  s i g n a l  i n t o  t w o  o r  m o r e  c o n s t a n t  
e n v e l o p e  s i g n a l s .  T h e s e  c a n  b e  a m p l i f i e d  b y  h i g h l y  e f f i c i e n t  s w i t c h i n g  P A s  a n d  
t h e n  r e c o m b i n e d  b e f o r e  s e n d i n g  t o  t h e  a n t e n n a .  A  r e s e a r c h  t e s t  c h i p  
demonstrating this concept is described in [13]. The second method uses a 
polar signal representation. A frequency-modulated signal is first amplified with 
an efficient PA and then an amplitude modulation is added to the signal [14]. 
The actual effectiveness of these techniques remains to be demonstrated. 
IC Technology choices: While CMOS is the universal technology for base­
band and MAC processing, the proper technology choice for the radio RFIC 
depends on the availability to proprietary technology. From a purely technical 
perspective, it is clear that the challenges of the 802.11 a transceiver design 
justify the use of a high-performance RFIC technology such as bipolar or 
BiCMOS. However, the consumer driven cost pressures of wireless LANs 
cannot be avoided. This will produce increasingly aggressive designs 
emphasizing low cost without compromising performance. Proprietary 
inexpensive SiGe BiCMOS technology such as in [15] is ideally suited for these 
developments. In addition, the standard CMOS widely available from foundries 
has been making considerable progress in RF capabilities driven by a large pool 
of talented designers with no access to other technologies. The main current 
limitation of CMOS RFICs for high-speed wireless LANs is more related to 
power supply voltage scaling rather than inferior transistor performance. 
4. Future higher rate systems
 
Following the trends of wired data communications, wireless LANs are likely
 
to evolve towards even higher rates, i.e., 100 Mb/s, 200 Mb/s, etc. The
 
following question arises naturally: which technical solution would best match
 
this trend? From the facts discussed in this paper it appears that a further
 
increase of the modulation depth, i.e. using 256-QAM, etc., will pose
 
tremendous transceiver implementation problems not easily solvable with 
inexpensive circuits. From a fundamental point of view, Shannon's famous 
c h a n n e l  c a p a c i t y  t h e o r e m  [ 1 6 ]  c l e a r l y  s h o w s  t h a t  i n c r e a s i n g  t h e  i n f o r m a t i o n  
c o n t e n t  p e r  u n i t  b a n d w i d t h  i s  r e a l i z e d  o n l y  w i t h  a n  a s y m p t o t i c a l l y  e x p o n e n t i a l  
S N R  i n c r e a s e ,  w h i c h  h a s  d r a m a t i c  c o s t  a n d  p o w e r  i m p l i c a t i o n s  i n  p r a c t i c e .  
F o r  i n s t a n c e ,  s i n c e  f o r  a  s t a t i c  A W G N  c h a n n e l  w i t h  g i v e n  S N R ,  t h e  c a p a c i t y  
i n  b i t s  p e r  t r a n s m i t t e d  s y m b o l  i s  g i v e n  b y  C  =  l o g 2 ( l  +  S N R j ,  d o u b l i n g  t h e  
t h e o r e t i c a l  l i m i t  f o r  t h e  n u m b e r  o f  b i t s  p e r  s y m b o l  f r o m  1  t o  2  ( e . g . ,  B P S K  t o  
Q P S K )  r e q u i r e s  a n  i n c r e a s e  i n  t r a n s m i t t e d  e n e r g y  b y  a  f a c t o r  0 0 .  G o i n g  f r o m  4  
t o  8  b i t s  ( l 6 - Q A M  t o  2 5 6 - Q A M ) ,  b r i n g s  a  l 7 - f o l d  i n c r e a s e  t h e  t r a n s m i t t e r  
o u t p u t  p o w e r .  F o r  l a r g e  s p e c t r a l  e f f i c i e n c i e s ,  e a c h  a d d i t i o n a l  b i t  t r a n s m i t t e d  i n  
t h e  s a m e  s y m b o l  r e q u i r e s  a  d o u b l i n g  o f  t h e  t r a n s m i t  p o w e r .  C l e a r l y ,  t h e  
c o m m o n  s e n s e  c o m p e l s  u s  t o  t r y  t o  t r a n s m i t  t w i c e  t h e  n u m b e r  o f  b i t s  f o r  
d o u b l e d  t r a n s m i t  e n e r g y .  T h i s  i s  p o s s i b l e  b u t  o n l y  b y  e x p l o r i n g  o t h e r  
" d i m e n s i o n s "  i n  t h e  c o m m u n i c a t i o n  t h e o r y .  
4 . 1  D o u b l i n g  t h e  B a n d w i d t h  
A  b r u t e  f o r c e  a p p r o a c h  t o  a c c o m p l i s h i n g  h i g h e r  r a t e s  i s  b y  i n c r e a s i n g  t h e  
c h a n n e l  b a n d w i d t h .  F o r  e x a m p l e ,  1 0 0  M b / s  c o u l d  b e  r e a l i z e d  t h r o u g h  t w o  
p r e s e n t  c h a n n e l  t r a n s m i s s i o n s  a t  5 4  M b / s .  T h e  c u r r e n t  r a d i o  s y s t e m  a n d  R F I C  
t e c h n o l o g y  a r e  s u i t a b l e  t o  a c c o m p l i s h  t h i s  b u t  t h e  c o s t  a n d  p o w e r  d i s s i p a t i o n  o f  
t h e  n e w  s y s t e m  m a y  n o t  b e  a s  a t t r a c t i v e  a s  t h e  c u r r e n t  g e n e r a t i o n  o f  w i r e l e s s  
L A N  p r o d u c t s .  G e n e r a l l y ,  t h e r e  i s  a  v a s t  a m o u n t  o f  b a n d w i d t h  i n  t h e  5  G H z  
I S M  b a n d  a n d  h e n c e ,  t h i s  a p p r o a c h  i s  i n t e r e s t i n g  d u e  t o  i t s  r e l a t i v e  s i m p l i c i t y .  
4 . 2  E x p l o i t i n g  t h e  S p a t i a l  D i m e n s i o n  ( M I M O )  
A  f u n d a m e n t a l l y  d i f f e r e n t  s y s t e m  a p p r o a c h  t o  o b t a i n i n g  h i g h e r  r a t e s  i s  b a s e d  
o n  t h e  M I M O  c o n c e p t .  M I M O  ( M u l t i p l e - I n - M u l t i p l e - O u t )  r e f e r s  t o  a  s y s t e m  i n  
w h i c h  t h e r e  a r e  b o t h  m u l t i p l e  t r a n s m i t  a n t e n n a s  t r a n s m i t t i n g  s i m u l t a n e o u s l y  i n  
t h e  s a m e  b a n d w i d t h ,  a n d  m u l t i p l e  r e c e i v e  a n t e n n a s  u s e d  t o  c a p t u r e  a n d  r e c o v e r  
the data streams and reconstruct the desired information. A 2 x 2 MIMO 
 
structure is illustrated in Fig. 11. As demonstrated in [17], the Shannon capacity 
 
for MIMO structures is impressive. For a given overall power we can transmit 
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Figure 11: Conceptual 2x2 MIMO system 
 
In general, it can be shown that for an n x n MIMO system, there is a linear 
relationship between the overall signal power and the channel capacity (in 
contrast to the logarithmic dependency in the classical case). However, notice 
that in order to exploit this concept, it is required that the wireless propagation 
channel be "favorable". In mathematical terms, this can be expressed by the 
condition that the channel matrix is of high rank. Only then we have parallel 
independent data pipes between transmitter and receiver which can be exploited 
in order to increase the data rate. In a typical indoor-situation, due to the rich 
mUlti-path fading environment, this condition is typically fulfilled provided that 
the antenna outputs are uncorrelated (for instance spaced at least _ to _ wave­
length apart). 
Note, however, that similarly to the original (one-dimensional) Shannon 
limit, the MIMO capacity theory gives only upper limits of the achievable 
s p e c t r a l  e f f i c i e n c i e s ,  a n d  d o e s  n o t  p r o v i d e  a n y  g u i d e l i n e s  a s  t o  h o w  t h e s e  l i m i t s  
a r e  a p p r o a c h e d .  O v e r  t h e  p a s t  f e w  y e a r s ,  v a r i o u s  s i g n a l i n g  s c h e m e s  h a v e  b e e n  
d e v e l o p e d  f o r  M I M O  c h a n n e l s  e m p h a s i z i n g  v a r i o u s  a s p e c t s  o f  t h e  n e w  d e g r e e  
o f  f r e e d o m .  T h e  m o s t  p r o m i n e n t  e x a m p l e s  i n c l u d e  t h e  d i f f e r e n t  v a r i a n t s  o f  
B L A S T  [ 1 7 ]  o r  s p a c e - t i m e  c o d i n g  [ 1 8 ] ,  b u t  d u e  t o  t h e  w i d e  s p a t i a l - t e m p o r a l  
d e s i g n  p o s s i b i l i t i e s  a  l a r g e  n u m b e r  o f  o t h e r  a d v a n c e d  t e c h n i q u e s  h a v e  b e e n  
p r o p o s e d  r e c e n t l y .  T h e  p e r f o r m a n c e  o f  M I M O  e n h a n c e m e n t s  i n  8 0 2 . l 1 a  O F D M  
W L A N s  w i t h  s p a t i a l  m a x i m u m  l i k e l i h o o d  ( M L )  d e t e c t i o n  h a s  b e e n  i n v e s t i g a t e d  
f o r  v a r y i n g  p r o p a g a t i o n  e n v i r o n m e n t s  i n  [ 1 9 ] .  
T a b l e  1 :  A c h i e v a b l e  s p e c t r a l  e f f i c i e n c i e s  i n  ( b i t / s e c ) / H z  a n d  d a t a  r a t e s  i n  M b / s  
f o r  v a r y i n g  n u m b e r  o f t r a n s m i t  a n t e n n a s  ( i . e .  s p a t i a l  d i m e n s i o n ) ,  c h a n n e l  c o d e  
r a t e s ,  a n d  n u m b e r  o f  c o n s t e l l a t i o n  p o i n t s  ( n u m b e r s  e x t r a p o l a t e d  b a s e d  o n  t h e  
I E E E  8 0 2 . l l a  O F D M  p a r a m e t e r s ) .  
S p a t i a l  C o d e  
N u m  
E f t  
R a t e  
D i m  
R a t e  
C a n s t  P t s  
b l s l H z  
M b l s  
1  
1 1 2  
1 6  2 . 0  
2 4  
1  1 / 2  6 4  3 . 0  
3 6  
1  
3 / 4  
1 6  3 . 0  3 6  
1  
3 / 4  
6 4  
4 . 5  5 4  
2  1 / 2  1 6  
4 . 0  
4 8  
2  1 / 2  6 4  6 . 0  7 2  
2  
3 / 4  
1 6  6 . 0  7 2  
2  
3 / 4  
6 4  9 . 0  1 0 8  
3  1 / 2  1 6  6 . 0  7 2  
3  1 / 2  6 4  9 . 0  1 0 8  
3  
3 / 4  
1 6  
9 . 0  1 0 8  
3  
3 / 4  
6 4  1 3 . 5  1 6 2  
T a b l e  I  g i v e s  a n  o v e r v i e w  o f  b a s i c  p h y s i c a l  l a y e r  p a r a m e t e r s  f o r  s i n g l e  a n d  
m u l t i p l e  a n t e n n a  t r a n s m i s s i o n  a n d  c o r r e s p o n d i n g  a c h i e v a b l e  d a t a  r a t e s  u n d e r  
t h e  a s s u m p t i o n  t h a t  t h e  g e n e r a l  O F D M  f o r m a t  r e m a i n s  u n c h a n g e d  ( i . e . ,  n u m b e r  
o f  O F D M  s u b - c a r r i e r s ,  n u m b e r  o f  p i l o t  t o n e s ,  d u r a t i o n  o f  g u a r d  i n t e r v a l s  e t c . ) .  
 The columns contain the spatial dimension, i.e., number of transmit antennas, 
 
the effective code-rate (ratio of information-carrying bits to transmitted bits), 
the constellation depth, the resulting raw spectral efficiency in bits/slHz, and the 
 
achievable data-rate. Note that the spectral efficiency for 100 Mb/s is in the 
order of 9 bits/slHz, which is twice the number at 54 Mb/s and generally very 
large compared to other existing commercial wireless systems. Also, the system 
in the third row of Table I has been chosen by the 802.l1a standard over the one 
in the second row due to better robustness under typical channel conditions, 
despite the fact that both systems provide the same data rate. 
 
However, although it is hard to beat well-designed MIMO codes in terms of 
spectral efficiency, these schemes come with the burden of increased base-band 
signal processing needs and increased complexity of the RF circuitry. Moreover, 
 
the sensitivity of MIMO to co-channel interference still has to be assessed and 
may partly reduce the theoretical spectral efficiency gains of this approach. 
The debate about next-generation WLAN standards is about to take a more 
concrete form in the standards bodies, and it will be interesting to see what 
technological features will eventually playa part in an ultra-fast WLAN air 
interface. 
5. Conclusions 
While wireless access to data networks has become a fully accepted capability 
in everyday life, enabled by the availability of inexpensive transceiver 
technology, the upcoming speed enhancement to 54 Mb/s through the 802.11 a 
standard encompasses serious design challenges. Power dissipation and cost are 
the most important final features, of course, assuming a reasonable range 
performance. Increasing the data rate even further, as will surely be dictated by 
the market, will set new technical hurdles, which will require innovative system 
a n d  c i r c u i t  s o l u t i o n s .  T h e  p r e s e n t a t i o n  i n  t h i s  p a p e r  h a s  t r i e d  t o  i l l u s t r a t e  t h a t  
c l o s e  s y n e r g y  b e t w e e n  s y s t e m s  a n d  c i r c u i t s  i s  a  n e c e s s a r y  i n g r e d i e n t  f o r  f u t u r e  
s u c c e s s f u l  d e s i g n s .  
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